Definable, reproducible, and meaningful are elemental features of grading/scoring systems, while thoroughness, accuracy, and consistency are quality indicators of pathology reports. The expertise of pathologists is significantly underutilized when it is limited to rendering diagnoses. The opportunity to provide guidance on animal model development, experimental design, optimal sample collection, and data interpretation not only contributes to job satisfaction but also, more importantly, promotes validation of the pathology data. Keys to validation include standard operating procedures, experimental controls, and standardized nomenclature applied throughout the experimental design and execution, tissue sampling, and slide preparation, as well as the creation or adaptation and application of semiquantitative grading/scoring systems. Diagnostic drift, thresholds, mental noise, and various diurnal fluctuations strongly influence the repeatability of grading/scoring systems used by the same or different pathologists. Quantitative image analyses are not plagued by the visual and cognitive traps that affect manual semiquantitative grading schemes but may still be affected by technical variables associated with necropsy, tissue sampling, and slide preparation. The validity of a grading scheme is ultimately assessed by its repeatability and biologic relevance, so it is important to correlate scores with comprehensive pathobiology data such as results of antemortem imaging, clinical pathology data, body and organ weights, and histopathologic evaluation of full tissue sets.
and transparency. Detailed methodology is expected regarding the design of and procedures conducted on experimental and control groups; animal parameters such as species, strain, sex, and age; housing and husbandry conditions; and sample size with group allocation. The Experimental Design Assistant, also developed by NC3Rs, provides investigators with a tool that creates a visual representation of the experimental design, identifies potential problems, proposes enhancements, and assists with sample size calculation and randomization. 6 Vital to any experiment is the design of the experimental and control groups, with the latter comprising various negative and positive controls (Table 1) . 10, 15 True negative controls are spared from any type of treatment and are therefore not expected to develop associated lesions. Sham controls are intended to mimic a surgical procedure (ie, laparotomy) or treatment (ie, placebo) in the absence of actually performing the procedure (ie, hepatectomy) or administering the test article. The administration of test articles dictates that vehicle controls receive the same volume via the same route to rule out specific effects attributed to the vehicle alone. To ensure that a response can be detected, positive controls are included whereby a known manipulation results in a reproducible effect (ie, phenobarbital administration and the development of proliferative liver lesions). Positive controls may often be combined with gold standard treatment regimens, referred to as comparative controls, in the evaluation of various drugs. 15 It may be permissible to reduce the sample size for select control groups in certain studies. However, it is advisable to consult with the pathologist prior to the start of the experiment to confirm that the pair-contrast method of lesion grading/scoring will not be applied, which would necessitate identical sample sizes for comparison of individuals across all groups in pairs or sets. 14 It cannot be overemphasized that animal groups should also be matched for strain/substrain, age, sex, and genotype through the use of littermates. Animals should also be procured from the same vendor when possible. Furthermore, husbandry considerations such as vivarium location (and therefore health status), caging, bedding, housing density, dark-light cycles, ambient temperature and humidity, diet, and water should be identical for all animals.
Necropsy and Tissue Sampling
Compliance with a number of best practices at the time of tissue harvest will help to minimize variability and promote reproducibility. 22 Animal identifiers and groups, as well as the order in which they are necropsied, should be randomized. If a large number of animals necessitates sacrifice and tissue harvest over several days, a subset of animals from all groups should be processed each day. In general, submission of live animals is preferred, which permits recording of body and organ weights, collection of blood and other body fluids for clinical pathology testing, and evaluation of complete tissue sets. Taken together, this full complement of pathology data will facilitate the validation of the animal as a model of the disease in humans. The Registry of Industrial Toxicology Data (RITA) and the North American Control Animal Database (NACAD) have published guidelines for the sampling and trimming of rodent tissues. 18, 23 Sample size, direction of sectioning, and number of sections should be consistent between animals and groups. One should also exercise caution when using tissue sponges with thick tissues in shallow cassettes, which can induce artifacts. If stereology is intended, forethought is necessary to ensure collection of the entire organ or tissue and the systematic uniform random sampling required for 3-dimensional estimation. 5 The interval between euthanasia or tissue anoxia and fixation should be minimized and maintained between animals.
Slide Preparation
Virtually all steps in the preparation of histology slides can directly or indirectly affect the reproducibility and value of grading/scoring systems. 22 The common use of formaldehyde and its cross-linking mechanism of fixation have been cause for concern regarding overfixation. However, it has been shown that underfixation is a more significant concern, which warrants *20 times the volume of fixative to tissue and optimal fixation times, in general, of 48-72 hours. 4, 9, 22 Processing protocols should be adjusted according to tissue type to ensure complete dehydration, clearing, and paraffin infiltration. Consistent embedding protocols that group tissues by size and texture will help to prompt recut requests in the event all expected tissues do not end up on a given slide.
Keys to consistent special histochemical and immunohistochemical/-fluorescence staining protocols are appropriate controls (Table 1) , consistent vendor-sourced reagents appropriately selected for the intended species and application, preventive equipment maintenance, and optimized procedures. 22 Positive controls represent sites known to express the component or antigen, ideally within the specimen; however, a separate slide is also adequate. 9,13,22,30 Awareness of expected staining patterns in various tissues with regard to quality, quantity, and localization will facilitate validation. Negative controls should distinguish between specific antigen binding by the primary antibody and nonspecific binding of the secondary antibody. 4, 9, 13, 22, 29 Substitution of the primary antibody with serum-or isotype-specific immunoglobulins at the same concentration as the primary antibody will accomplish the former, while exclusion of the primary antibody will achieve the latter. Tissues have varying degrees of endogenous peroxidases and biotin, so optimization should include tissues representing different levels or, at the very least, the exact grading/scoring system target tissue. Freshly cut slides sectioned at a consistent thickness help to minimize the impact on stain density, while replicate sections on the same slide and serial sections address batch staining consistency and intratissue variability, respectively. For water-soluble stains to adequately penetrate tissues, tissues must be thoroughly deparaffinized and rehydrated. Because of the large number of variables, batch staining by the same lab and using the same autostainer, antibody lot, and antigen retrieval method are preferred.
An internal quality assurance program whereby the pathologist and technologist routinely evaluate stained slides is essential to assess the adequacy of staining in experimental and control slides, as well as the overall quality of the slide including microtomy and coverslipping. 9, 11, 21 Adequacy of staining should itself be scored for staining intensity, uniformity, localization, and specificity, as well as background staining, counterstaining, and artifacts. 11, 21 Internal quality assurance audits may also be supplemented by external quality assurance programs, such as HistoQIP administered by the National Society for Histotechnology; however, the emphasis on specific human tissues and markers may preclude justification of the expense.
Creating, Adapting, and Applying a Grading/Scoring System When first presented with a new grading/scoring opportunity, the pathologist typically conducts an exhaustive literature review to identify established systems consistently used in humans or animals. The application of human grading schemes to animal tissues strives to uphold the relevance of the animal model to the human disease. While the intent of this literature review is to avoid "reinventing the wheel," the reality is that grading systems published with a paucity of methodology details are highly prevalent. High citation frequencies are not necessarily evidence of a system's exemplary or gold standard status. The paucity of published methodology details, combined with idiosyncrasies of the animal model, often necessitate adaptation of existing grading/scoring systems, which may or may not be validated.
As a pathologist creates or adapts a grading scheme, it is important to consider the number of features and severity levels and their thorough definitions using standardized nomenclature and representative photomicrographs to facilitate consensus. 27 A popular concept to illustrate the limits of the human brain when making visual judgments along a continuum is a rainbow, categorized by 7 colors: red, orange, yellow, green, blue, indigo, and violet. 8, 24 However, intra-and interobserver repeatability is inversely correlated with the number of severity levels, which, when excessive, results in overlap of categories and similarities between severity levels that are uncategorical. 8, 12, 28 As such, by convention, severity levels are typically maintained between 3 and 5.
12,27,28 It should also be noted that human nature has the inherent tendency to avoid extremes of ranges. 8 Specific, detailed definitions of each feature and the various severity levels with corresponding photographic documentation facilitates interobserver agreement while perhaps also compensating for differences in training and experience of pathologists. Where possible, standardized nomenclature as proposed in the International Harmonization of Nomenclature and Diagnostic (INHAND) criteria for lesions of various organ systems in rats and mice, as well as other consensus and recommendation papers for proliferative preneoplastic and neoplastic lesions in genetically engineered mice, should be used to classify histologic features. 20 Upon development of a grading/scoring scheme, it is warranted to evaluate all samples to contemplate fit with the system. Slides from pilot time-course studies are suitable for this purpose because of the limited number of slides and, more importantly, presence of the full spectrum of lesions that can develop over time. Upon further refinement of the grading scheme if necessary, scoring of experimental slide sets may commence. A practical tiered approach is recommended whereby the initial evaluation is unblinded and followed by a targeted masked review of findings to ensure diagnostic criteria have been followed. 7, 27 Commencing the evaluation with the control group(s) may prevent excessive lesion identification in experimental groups.
At this point, there are several causes of potential discord regardless of whether there are single or multiple raters. "Diagnostic drift" is attributed to the under-or overreporting of lesions that can occur when a single pathologist must evaluate a large number of samples over a prolonged period of time, grading/scoring schemes are not clearly defined, and/or multiple pathologists are involved. 7, 12, 22, 27, 28 The latter instance is particularly problematic given that different observers will have different thresholds for histopathologic findings, below which they are interpreted to be within normal limits. 7, 20, 27, 28 Thresholds may be influenced by pathologist experience, type of study, and number of slides. Additional factors that may alter histopathologic evaluations, include the rater's inherent skill, education, training, experience, and mental noise, as well as diurnal fluctuations in mood, nutritional state, and energy. 32 The validity of a grading scheme is ultimately assessed by its repeatability between replicate measurements wherein a kappa value between -1 and þ1 is calculated from intra-and interobserver agreement of nonparametric ordinal measurements. 8, 12, 24 Kappa values of -1 and þ1 correspond to perfect disagreement and perfect agreement, respectively, while 0 corresponds to no relationship between the raters such that any consensus is due to chance. Arbitrary designations of 0.4 and 0.6 delineate the boundaries of poor, moderate, and excellent agreement. 19 Additional statistical approaches have been developed to assess agreement with continuous measurements over time. 3 We are reminded that biologic relevance is independent of repeatability, so it is important to correlate scores with comprehensive pathobiology data such as results of ante mortem imaging, clinical pathology data, body and organ weights, and histopathologic evaluation of full tissue sets.
12,22

Specific Considerations for Quantitative Analyses
Quantitative image analyses are not plagued by the visual and cognitive traps that affect manual semiquantitative grading schemes and result in objective and measurable parametric data. 2 However, the technical variables noted above for necropsy and tissue sampling, as well as slide preparation, still apply to quantitative digital image analyses, and their control is necessary to ensure optimal results. 1, 22, 25, 26, 31 While a pathologist can "read through" the effects of substandard tissue fixation, variably thick paraffin or frozen sections, tissue folds, uneven staining, and coverslipped dust, image analysis software cannot. Tissue staining must be optimized and performed in batches, preferably a single batch. In the event this is not possible, it is recommended to include the same tissue in different batches for quality control. In addition, stain controls should be performed for each batch to facilitate color deconvolution of each stain of interest (Table 1) . 25 Digital scanning of all slides in a study should be performed with the same objective, typically either 20Â or 40Â, to ensure consistent resolution per pixel. 32 Excessive mounting media, haphazardly placed coverslips, and thick paraffin sections will dictate the assignment of manual focus points instead of autofocusing methods. While brightfield slide scanning is approaching routine, oil immersion lenses require Z-stacking to view the same area at different fields of focus, and fluorescent scanners essentially require separate scans for each fluorophore. 31 Unique considerations apply to sampling in digital slides, whereby analyses are typically performed on a limited subset of the entire digital scan, or region of interest (ROI). 16 Extreme care should be taken in drawing ROIs as the recognition of microscopic tissue for pattern recognition training and/or analysis is only as specific as the ROI used to train the computer. 25, 31 Some image analysis software packages permit users to develop algorithms of varying complexity while others only allow users to fine-tune established algorithms through the adjustment of certain parameters as they relate to nuclear and cell size and shape, diameter of blood vessel lumina, and so forth. There is intrinsic subjectivity in algorithm creation; however, variability is eliminated provided that subsequent analyses on the same tissue type are performed with the same algorithm. The setting of threshold pixel values, while seemingly arbitrary, can be informed by the results of manual semiquantitative scoring. Mark-ups of analyzed fields, during and following tuning, at relatively high magnification should be evaluated to ensure the accuracy of the settings.
Summary
The ultimate goal of histopathologic grading, whether semiquantitative or quantitative, is the generation of meaningful results in a reproducible manner. Multiple variables, both common and unique to the aforementioned analyses, must be controlled to ensure optimum experimental design and consistent tissue sampling and slide preparation, which are the basis for a valid, reproducible grading system.
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